Aims/hypothesis Chronic hyperglycaemia aggravates insulin resistance, at least in part, by increasing the formation of advanced glycation end-products (AGEs). Methylglyoxal (MGO) is the most reactive AGE precursor and its abnormal accumulation participates in damage in various tissues and organs. Here we investigated the ability of MGO to interfere with insulin signalling and to affect beta cell functions in the INS-1E beta cell line. Methods INS-1E cells were incubated with MGO and then exposed to insulin or to glucose. Western blotting was used to study signalling pathways, and real-time PCR to analyse gene expression; insulin levels were determined by radioimmunoassay.
Introduction
The hallmark of type 2 diabetes is insulin resistance coupled to pancreatic beta cell failure. In the process leading to overt type 2 diabetes, several key insulin target tissues, such as the liver, muscle and fat, become resistant to the actions of the hormone. In the pathogenesis of insulin resistance dysregulation occurs at multiple steps in the complex network of the insulin signalling pathways [1] .
Recent studies have shown that beta cells are targets of insulin action. Indeed, insulin is thought to act in an autocrine/paracrine manner to regulate beta cell mass [2] and function [3] , and to modulate several cellular processes such as gene expression [4] and Ca 2+ flux [5] . In a mouse model with beta cell specific knockout of the insulin receptor (IR), a decrease in glucose-stimulated insulin release and a progressive impairment of glucose tolerance are observed, suggesting that defects in insulin signalling at the level of the beta cell may contribute to alterations in hormone secretion found in type 2 diabetes [6] . Moreover, disruption of insulin signalling in the beta cell at the level of the insulin receptor substrates IRS-1 [7] or IRS-2 [8] leads, respectively, to altered secretion and beta cell proliferation. Finally, the IR appears to be involved in the modulation of the responses of beta cells to glucose as shown, for example, by studies in MIN-6 cells, in which a decrease in IRs using siRNA inhibits the accumulation of preproinsulin, Pdx1 and Gck mRNA normally seen at high glucose concentration [9] .
To summarise, insulin resistance may not only affect the functioning of the 'classical' insulin target tissues, such as muscle, fat and liver, but also that of beta cells. This organismal insulin resistance could be a consequential factor in the pathogenesis of type 2 diabetes. The mechanisms underlying the deleterious effects of reduced insulin signalling on hormone synthesis and secretion of beta cells are poorly defined. Genetic and acquired factors are responsible for insulin resistance in hormone target tissues, while chronic hyperglycaemia further impairs insulin action by different mechanisms. In particular, chronic hyperglycaemia promotes the endogenous nonenzymatic glycoxidation of proteins, lipids and nucleic acids, leading to the formation of advanced glycation end-products (AGEs) [10] . Intracellularly formed α-ketoaldehydes, such as methylglyoxal (MGO), are an essential source of intracellular AGEs and abnormal MGO accumulation has been implicated in the development of damage in various tissues and organs [11] . MGO is formed non-enzymatically by dephosphorylation of triose phosphates and, under physiological conditions, is degraded into D-lactate by glyoxalase 1 [12] .
While evidence exists that AGEs interfere with the complex pathways governing insulin signalling and secretion, it is not known which specific AGEs are the culprits and which pathways are affected. We previously reported that human glycated albumin treatment of cells and dietary AGEs given to mice induce insulin resistance in vitro [13] and in vivo [14] , respectively, via a selective protein kinase C alpha activation. We have also shown that MGO induces insulin resistance in skeletal muscle cells through direct chemical modification of IRS proteins [15] . Finally, MGO is thought to exert deleterious effects on insulin secretion [16] [17] [18] [19] [20] [21] . However, the molecular mechanisms involved in the effect of MGO on the regulation of insulin release remains to be clarified.
Given the mounting evidence for a major role of beta cells in the pathogenesis of type 2 diabetes, we investigated the ability of MGO to interfere with insulin signalling in the INS-1E beta cell line, and we evaluated its potential damaging impact on beta cell functions.
Methods
Materials Media, sera and antibiotics for cell culture were from Invitrogen (Paisley, UK). Protein electrophoresis and western blot reagents were from Bio-Rad (Richmond, VA, USA). Enhanced chemiluminescence reagents and protein-A sepharose were from Pierce (Rockford, IL, USA). Insulin was from NovoNordisk (Bagsvaerd, Denmark). The antibodies used are listed in the electronic supplementary material [ESM] 
INS-1E cell culture
The insulin-secreting INS-1E rat beta cells (Passages 90-120) were cultured as previously described [22] . Cells were starved for 16 h in serum-free medium containing 0.2% (wt/vol.) BSA, pretreated or not with MGO, washed once with starvation medium and then exposed or not to 100 nmol/l insulin.
Incorporation of [2-
14 C]MGO The incorporation of [2-14 C] MGO into INS-1E cells was determined as previously described [15] . Details are provided in the ESM.
Measurement of production of ROS The intracellular reactive oxygen species (ROS) were measured by CM-DCF fluorescence as previously described [15] . Details are provided in the ESM.
Cell viability assay Cell viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as previously described [23] . Details are provided in the ESM.
RNA isolation and real-time quantitative RT-PCR Total RNA extraction, cDNA synthesis and real-time PCR analysis were performed as described previously [24] . Procedures and primer sequences used for amplification are provided in the ESM Methods and ESM Table 2 , respectively.
Immunoblot analysis INS-1E cells were washed and solubilised as previously described [22] . Details for immunoprecipitation, immunoblots and antibodies used are provided in the ESM.
Measurement of insulin secretion Insulin secretion was assessed as previously described [25] . Details are provided in the ESM.
Statistical methods Data were analysed with Statview software (Abacus Concepts, Piscataway, NJ, USA) by one-factor analysis of variance. p values ≤0.05 were considered as statistically significant.
Results

Incorporation of [2-
14 C]MGO into INS-1E cells To determine whether the intracellular accumulation of MGO in INS-1E cells is potentially involved in impairment of insulin action, and to evaluate its impact on beta cell function, a time course of MGO incorporation into INS-1E cells was performed. The cells were incubated from 0 to 30 min with [2- 14 C]MGO (37 kBq/assay) at concentrations ranging from 0.25 to 1.0 mmol/l, and thereafter extensively washed with PBS. We found that within 30 min only 12.5± 1.5% of the labelled MGO was associated with the cells (Fig. 1a) . Assuming that the cell-associated MGO is indeed intracellular, this would mean that at a concentration of 0.5 mmol/l, approximately 60 μmmol/l of this α-ketoaldehyde is within the cells. Similar observations have been reported concerning the incorporation of MGO into rat L6 skeletal muscle cells [15] , and into rat aortic smooth muscle cells [26] .
Role of MGO in production of ROS in INS-1E cells To determine whether MGO leads to enhanced ROS production in INS-1E cells, intracellular ROS levels were measured before and after treatment of cells with increasing MGO concentrations (from 0.25 to 1.0 mmol/l) for different times (from 0 to 60 min). As shown in Fig. 1b , treatment of INS-1E cells with MGO at concentrations between 0.25 and 1.0 mmol/l does not lead to a marked ROS production. As a control, INS-1E cells were treated for 40 min with 70 μmmol/l H 2 O 2 , which induces approximately a 9.5-fold increase in ROS production.
Effects of MGO treatment on INS-1E cell viability INS-1E cells were exposed to MGO at concentrations ranging from 0.05 to 1.00 mmol/l, and for time periods of 30 min to 24 h. Thereafter, cell viability was measured using the MTT assay. As shown in Fig. 1c , under the conditions tested MGO failed to alter INS-1E cell viability.
Effects of MGO on insulin signalling in INS-1E cells
To investigate a possible role of MGO in the impairment of insulin action, different proximal insulin signalling steps were investigated in MGO-treated cells. INS-1E cells were exposed to different concentrations of MGO for 30 min and then incubated or not with insulin for 10 min. The insulinstimulated tyrosine phosphorylation of IR was unchanged in MGO-treated cells (data not shown). In contrast, insulin-dependent IRS tyrosine phosphorylation was severely reduced in cells preincubated for 30 min with MGO (Fig. 2a) . Indeed, MGO leads to a dose-dependent inhibition of insulin-stimulated IRS tyrosine phosphorylation. This decrease in tyrosine phosphorylation was not accompanied by changes in the level of IRS-1/2 protein, suggesting that a functional defect is responsible for the reduced phosphorylation. To evaluate the consequences of the deficient tyrosine phosphorylation of IRS, we first looked at the ability of IRS to dock with the PI3K p85 subunit. To this end, we measured the levels of p85 subunits in IRS immunoprecipitates obtained from INS-1E cells treated with 0.5 mmol/l MGO for 30 min, and in untreated controls. As shown in Fig. 3a -c insulin induced a marked increase in the amount of p85 subunit co-immunoprecipitating with IRS-1/2 (~threefold higher than the unstimulated level), and this p85 PI3K-IRS association correlated with the level of IRS-1 and IRS-2 tyrosine phosphorylation. As expected from its inhibitory effect on IRS tyrosine phosphorylation, MGO virtually abolished complex formation between p85 and IRS. Importantly, the reduced p85-IRS-1/2 interaction was not associated with changes in the levels of the IRS proteins ( Fig. 3a-c) . When the carbonyl scavenger, AG, was added before and during the incubation with MGO, the inhibitory actions of the α-ketoaldehyde on these early insulin signalling steps were prevented ( Fig. 3a-c) .
Next we looked at events downstream of PI3K. As shown in Fig. 2b , insulin-induced PKB phosphorylation on Thr 308 was significantly reduced (approximately 1.8-fold) after a 30 min treatment with 0.25 mmol/l MGO, and was nearly absent after a 0.5 mmol/l MGO exposure. Note that, whilst low MGO concentrations (0.05 and 0.1 mmol/l) had no effect on PKB phosphorylation after 30 min (Fig. 2c) , incubation with the same concentrations for 24 h blocked insulin-induced PKB phosphorylation on Thr 308 (Fig. 2d ). To further evaluate the MGO-induced defect in the PI3K-PKB cascade, the kinase downstream of PKB was analysed. In beta cells, GSK-3 is present in α and β isoforms, which are both inhibited by PKB phosphorylation on the N-terminal serine residue (Ser 21 in GSK-3α and Ser 9 in GSK-3β). As illustrated in Fig. 3e , PKB-induced serine phosphorylation of GSK-3 was prevented by MGO. As was the case for PKB phosphorylation, the inhibitory effect of MGO on GSK-3 phosphorylation occurred without changes in GSK-3 protein level. As expected, AG added before and during the MGO incubation prevents the inhibition of PKB and GSK-3 phosphorylation (Fig. 3d,e) .
Formation of MGO adducts on IRS in INS-1E cells
MGO is known to react with free amino groups and thiols to form AGE protein adducts, thereby altering protein function. We investigated whether incubation of INS-1E cells with MGO (0.5 mmol/l for 30 min, and 0.05 or 0.1 mmol/l for 24 h) was associated with formation of AGE-IRS adducts, more specifically N ε -(carboxyethyl)lysine (CEL) and argpyrimidine adducts. As shown by western blots of immunoprecipitated IRS, incubation of INS-1E cells with MGO resulted in the formation of CEL- (Fig. 4a,b ) and argpyrimidine-IRS adducts (Fig. 4c,d ). To confirm MGO-driven adduct generation, we examined whether AG blocks IRS modification observed after MGO treatment. gain further insight into the deleterious MGO action, we evaluated the expression profile of different genes important for beta cell functioning. Pancreatic duodenal homeobox-1 (PDX-1) is a key transcription factor for pancreas development and beta cell functions, which regulates, for example, the expression of the genes encoding insulin and glucokinase. In addition, insulin modulates PDX-1 expression and action [27] . Moreover, it was recently proposed that glucose regulates the levels of PDX-1 via the reciprocal actions of GSK-3 and PKB kinase [28] . To investigate whether MGO modulates gene expression, INS-1E cells were incubated with 0.5 mmol/l MGO for 30 min and then stimulated with insulin. Treatment of INS-1E cells with insulin alone induced a significant increase in Pdx1, Ins1 and Gck mRNA expression compared with the basal condition (approximately 1.8-, 1.6-and 3.0-fold, respectively). Interestingly, insulininduced expression of these mRNAs was abolished by MGO (Fig. 5a ). As expected, AG present before and during the incubation with MGO restores insulin stimulatory action on expression of these genes (Fig. 5a) . Importantly, incubation of INS-1E cells with low MGO concentrations (0.05 and 0.1 mmol/l) for 24 h also inhibited insulin's stimulatory action on gene expression (Fig. 5b) . Next we investigated the effects of MGO on insulin secretion. As shown in Fig. 5c , insulin secretion by INS-1E cells was significantly increased upon exposure to 20 mmol/l glucose, but this glucose action was abolished when cells were treated with 0. (Fig. 6a,b) , thus demonstrating that MGO restrains glucose-induced activation of the PI3K/ PKB pathway.
The MGO-produced impairment of glucose stimulatory action on the PI3K/PKB cascade led us to investigate the effect of the α-ketoaldehyde on glucose-induced mRNA expression of Pdx1, Gck and Ins1. In the absence of MGO, incubation with 20 mmol/l glucose for 30 min increased mRNA levels of these genes by 70%, 60% and 80%, respectively. In contrast, the glucose effect is abolished by MGO treatment. It appears that glucose action is mediated by the PI3K pathway as the PI3K inhibitor, LY294002, blocks it (Fig. 6c) . Similarly, after a 24 h incubation with 0.05 mmol/l MGO, the glucose effect on expression of Pdx1 and Ins1 mRNA is reduced by 50% and 40%, respectively, and is almost completely blocked after a 24 h treatment with 0.1 mmol/l MGO (Fig. 6d) .
Role of GSK-3 in MGO inhibitory action on biological responses of INS-1E cells
Recently, it was reported that mice overexpressing a constitutively active form of Gsk-3β (also known as Gsk3b) in beta cells showed a profound decrease in PDX-1 levels compared with control mice [29] . To determine whether GSK-3 activation is responsible for the deleterious effects of MGO, INS-1E cells were incubated for 30 min with 0.5 mmol/l MGO and then exposed to 2.8 or 20 mmol/l glucose in the presence of 40 mmol/l LiCl, a GSK-3 blocker [30] . In MGO-treated cells, GSK-3 phosphorylation in response to glucose is reduced with the likely concurrent increase in its activation, but LiCl treatment reverses this MGO inhibitory effect on GSK-3 phosphorylation (Fig. 7a) . To approach the potential role of MGO-stimulated GSK-3 activation in the alteration of beta cell function, we investigated MGO effects on glucose-induced gene expression in the presence of LiCl. Glucose treatment leads to an increase in Pdx1, Ins1 and Gck mRNA levels by approximately 1.2-, 0.8-and 1.1-fold, respectively (Fig. 7b) . In cells exposed to MGO the stimulatory action of glucose on gene expression is abolished. However, in MGO-treated cells LiCl incubation restores the increase in Pdx1, Ins1 and Gck mRNA produced by 20 mmol/l glucose. We then measured, in MGO-exposed cells, the effect of glucose on insulin secretion in the presence of LiCl. As shown in Fig. 7c , glucose-induced insulin secretion is robustly decreased by MGO incubation. Pretreatment with LiCl partially restores glucose-induced insulin secretion in the presence of MGO, indicating that MGO action on insulin secretion occurs, at least in part, through activation of GSK-3. 
Discussion
Evidence exists in favour of the idea that beta cells could be targets for secreted insulin. Indeed, insulin is thought to stimulate beta cell proliferation and gene expression by activating the IR signalling cascade in an autocrine/paracrine fashion [2, 31] . Moreover, proinsulin synthesis and the beta cell responsiveness to glucose in terms of hormone secretion appear to be modulated by insulin signalling [2, 4] . Therefore, alterations of insulin signal transduction could lead to beta cell dysfunction contributing to the pathogenesis of type 2 diabetes. However, the molecular mechanisms through which defects in insulin signalling affect insulin synthesis and secretion remain largely unknown. Increased production of AGEs and MGO, a precursor of AGEs, has been shown to contribute to insulin resistance in conditions associated to chronic hyperglycaemia [13, 15] . Here we show that exposure of INS-1E cells to MGO for short periods (30 min at 0.5 mmol/l) or prolonged periods (24 h at 0.05 and 0.1 mmol/l) impairs insulin-induced tyrosine phosphorylation of IRS. This occurs together with a reduction in p85-IRS association, PKB activation and serine phosphorylation of GSK-3. The decrease in tyrosinephosphorylated IRS proteins is unlikely to be due to changes in IRS synthesis/degradation, as IRS protein levels were unaltered after these MGO treatments.
Generation of ROS is linked to MGO metabolism [26] . Further, oxidative stress has been implicated in the deterioration of insulin signalling in diabetes [32] , in decreased glucose-stimulated insulin secretion, and in beta cell apoptosis [33] . Oxidative stress thus represents a risk factor for the development of diabetes. Under our experimental conditions we did not detect a significant increase in intracellular ROS accumulation and in cell death after a short or long exposure to MGO. Therefore, we would like to conclude that the MGO effects we observed in INS-1E cells are not mediated by ROS production. and 2 and leading to a decrease in their tyrosine phosphorylation in response to insulin [15] . MGO is a reactive dicarbonyl molecule that can modify lysine and arginine residues in proteins. This also occurs in INS-1E cells, as incubation with MGO induces the formation of CEL-and argpyrimidine-IRS adducts. Interestingly, on rat IRS-1, proximal to YMXM motifs, which have been implicated in p85 binding, Lys 602 near Y 608 MPM and Arg 622 near Y 628 MPM are found [34, 35] . It is likely that adduct binding to Lys 602 and/or Arg 622 could lead to reduced tyrosine phosphorylation of IRS-1/2 resulting in decreased p85 anchoring by IRS. An alternative or additional scenario could be a similar modification of the Lys and/or Arg residues located within the IRS PH or PTB domains, which are essential for optimal IRS tyrosine phosphorylation by IR. As mentioned earlier, increased degradation and/or decreased synthesis of IRS seems to be improbable as protein levels are unchanged. Taken as a whole, our data gather grounds for belief in MGO-induced alteration of IRS resulting in a decrease in its docking function and hence perturbation of the downstream PI3K/ PKB signalling node.
Several lines of evidence have been provided in favour of the idea that insulin modulates PDX-1 DNA-binding activity and insulin promoter activity [27] . PDX-1 is a key transcription factor involved in pancreas development and in modulation of the expression of several genes essential for beta cells, such as the insulin and glucokinase genes (Ins and Gck). It has been shown that both glucose and insulin stimulates PDX-1 binding activity to the insulin promoter via PI3K and mitogen activated protein kinase 11 (SAPK2/p38) [27, 36] . IR silencing in MIN-6 cells robustly suppressed the expression of Pdx1 mRNA, suggesting that insulin signalling plays a major role in the regulation of the expression and function of PDX-1 [9, 37] . PDX-1 also modulates the mRNA expression of Gck, which catalyses the first step of glycolysis, and hence regulates glucose responsiveness for insulin release [38] . Here we demonstrate in INS-1E cells that a short and prolonged exposure to MGO leads to impaired insulin-induced expression of the genes coding for PDX-1, insulin and glucokinase. Thus, MGO hampers the beneficial effect of insulin on the expression of genes involved in the preservation of the chief beta cell functions.
The MGO concentrations we have used are in the range of those applied by Brouwers et al. to mesenteric arteries [40] . Previous reports have shown that MGO alters insulin secretion [17, 19, 21] . Our current study on INS-1E cells further documents the inhibitory effect of MGO on glucoseinduced insulin secretion, but clearly goes beyond by providing decisive insight into the mechanisms involved. While the issue remains controversial, facts have been presented suggesting that insulin exerts a positive effect on its exocytosis. Compatible with this notion, transfection of IRs in beta cell lines increases Ins mRNA levels and glucose-induced insulin secretion [41] . In mice, both conditional and general knockout for proteins of the insulin signalling cascade, such as IR, IRS-1 and IRS-2, led to impaired glucose-induced insulin release [6] [7] [8] . Irs1 transfection in bTC6-F7 cells increases glucose-induced insulin secretion [42] , and isolated islets from Irs1 −/− mice present a reduced insulin content and an impaired secretory response to glucose [7] . Therefore, inhibition of insulin signalling at the IRS and/or at PKB level due to MGO exposure may be responsible for the defect in insulin secretion. Studies performed in mice with one Pdx1 allele inactivated showed that PDX-1 deficiency alters glucoseinduced insulin secretion [43] . Further, increased AGE levels induced by chronic hyperglycaemia lead to islet dysfunction associated with reduced glucokinase levels in DBA/2 mice [44] . We found that, after incubation of INS-1E cells with MGO, high glucose failed to increase expression of Pdx1, Ins1 and Gck genes. This effect of glucose appears to be PI3K-dependent, since it is abolished by pretreatment with a PI3K inhibitor. Further, in MGO-treated cells no increased PKB and GSK-3 phosphorylation was observed in response to high glucose, supporting the idea that activation of the PI3K/PKB cascade has an important impact on the preservation of beta cell function. Indeed, our data dovetail with a previous work showing that the overexpression of a dominant-negative Pkb (also known as Akt) in beta cells leads to impaired insulin secretion [45] . Recent facts have been reported showing that GSK-3β activation is linked to beta cell failure in diabetic mouse models, and is involved in negative regulation of beta cell proliferation and mass [46, 47] . Moreover, GSK-3β activity is enhanced in insulin-resistant states, and in skeletal muscle from type 2 diabetic patients [48] . Studies in transgenic mice overexpressing a constitutively active form of Gsk-3β in beta cells revealed that it leads to a profound decrease in PDX-1 levels compared with control mice, probably due to reduced stability [29] . In MGO-treated INS-1E cells, GSK-3 phosphorylation in response to insulin is reduced with a likely concurrent increase in its activation.
Interestingly, the LiCl-induced restoration of GSK-3 phosphorylation and its ensuing inhibition reverses the repressive effect of MGO on glucose-induced insulin secretion in INS-1E cells. This suggests that GSK-3 activation may be responsible, at least in part, for the damaging MGO effects on beta cell function. The molecular mechanisms underlying GSK-3 action on insulin secretion are poorly defined and we cannot exclude the possibility that MGO action is partially due also to the direct binding of MGO to beta cell transcription factors and/or to proteins involved in the insulin secretion machinery.
To summarise, our present work strongly indicates that toxic reactive aldehydes, such as MGO, impact negatively on beta cell homeostasis. Hence, the deleterious actions of these molecules generated by metabolic dysregulation will worsen the diabetes disease process by favouring beta cell failure. The development of new strategies to improve insulin transduction in beta cells will allow the preservation and/or improvement of beta cell function in type 2 diabetic patients suffering from elevated circulating levels of toxic aldehydes due to chronic hyperglycaemia.
